We examined unequal homologous DNA recombination between human repetitive DNA elements located on a yeast artificial chromosome (YAC) and transforming plasmid molecules. A plasmid vector containing an Alu element, as well as a sequence identical to a unique site on a YAC, was introduced into yeast and double recombinant clones analyzed. Recombination occurs between vector and YAC Alu elements sharing as little as 74% identity. The physical proximity of an Alu element to the unique DNA segment appears to play a significant role in determining the frequency with which that element serves as a recombination substrate. In addition, cross-over points of the recombination reaction are largely confined to the ends of the repetitive element. Since a similar distribution of crossover sites occurs during unequal homologous recombination in human germ and somatic tissue, we propose that similar enzymatic processes may be responsible for the events observed in our system and in human cells. This suggests that further examination of the enzymology of unequal homologous recombination of human DNA within yeast may yield a greater understanding of the molecular events which control this process in higher eukaryotes.
INTRODUCTION
The composition of the human genome suggests that ample opportunity exists for recombination to occur between partially Identical yetnottaUeljc DNA segments. This process is referred to by several names, including ectopic or unequal homologous recombination. Several families of DNA elements are repeated throughout the genome. The most abundant of these is the Alu family which comprises nearly one million interspersed copies of a 280 base sequence (1, 2) . In addition to Alu and other highly repetitive DNA elements, (such as Lines 1,3) less abundant families of genes encoding proteins of related function also exist (4) . Ectopic recombination events that occur between different members of these families are thought to be responsible for the maintenance of sequence similarities within all of these families (5) (6) (7) . It is therefore likely that homologous DNA recombination has played an important role in the evolution of higher eukaryotes.
It is known that recombination events of this type can contribute to the genesis of human disease. Germ-line intra-genic deletions mediated by Alu-Alu recombination (unequal crossing over) have been shown to cause thalassemia, hyperlipidemia and other genetic disorders (8) (9) (10) . It is likely that a significant number of the DNA rearrangements observed in cancer cells are mediated through a similar mechanism involving ectopic or unequal homologous recombination (11, 12) .
Despite the obvious importance of these processes, little is known about the molecular details of the reaction. The large size of the mammalian genome, as well as the low frequency with which such recombination events occur (particularly relative to competing reactions involving non-homologous or illegitimate recombination), makes efforts to study this process in human cells quite difficult. We therefore set out to develop a system in which unequal homologous recombination between transformed plasmid molecules and human DNA could be efficiently monitored. The small segment of the human genome contained on a YAC harbored by Saccharomyces cerevisiae represents an attractive model system. We and others have shown that transfected plasmid DNA containing a human repetitive DNA element is capable of efficiently recombining with similar elements on the YAC (13, 14) . The limited amount of human DNA present and the near total absence of illegitimate recombination in S.cerevisiae (15) greatly simplifies molecular analysis. We have previously shown that vectors containing both unique and repetitive elements can be used to generate interstitial deletions, and that this process appears to favor the creation of smalTrafheTtharflarge deletions (13) . We have also shown that cross-over points of the recombination within the homologous repetitive elements were heterogeneous. In order to gain greater insight into both of these observations, we have developed a more sophisticated method for analyzing the products of unequal homologous recombination. These results, outlined below, indicate that in the majority of cases the close proximity of a particular repetitive element to the unique sequence increases the likelihood that it will participate in a recombination event. In addition, we have determined that the A.
B.
--HYA32G5 X pRSN1.6Alu crossover points of the recombination event are strongly biased towards either of the two ends of the Alu element.
MATERIALS AND METHODS

Yeast strain and manipulation
A S.cerevisiae strain harboring a 650 kb YAC (HYA32G5) was used in this study (13) . This strain, designated YPH599 was constructed as described previously (13) . Transformations were performed with linearized plasmid DNA and selected on minimally supplemented SD plates lacking histidine (16) . Growth of these transformants was further tested on similar plates lacking either tryptophan or uracil.
Vector construction
The plasmid pRSNl.6Alu was constructed from pRS303 (17) and is identical to pF9L 1 b (13) except that a 280 bp Alu fragment from BLUR 8 (1) has replaced the 4 kbp Sad LI fragment. Orientation of the Alu fragment was verified by sequence analysis. Linearization of the plasmid with Notl or Xbal results in a replacement type vector (18) , as shown in Figure 1 .
Yeast genome analysis
Agarose imbedded yeast were prepared as described (13) and subjected to pulsed field gel electrophoresis on a BioRad CHEF DRII apparatus. Total yeast DNA was prepared and digested with appropriate restriction enzymes and separated by conventional agarose gel electrophoresis (19) . In all cases, DNA was transferred to nylon membranes (Gene Screen Plus, NEN) using an LKB vacuum blotting unit and Southern hybridization (20) was performed following the manufacturer's recommendations.
The probe used was a 1.2 kbp Xbal-Sall fragment from pMCINEOPA (Stratagene).
Plasmid rescue and analysis
Total yeast DNA was digested with Xbal, diluted to 1 u.g/ml and treated with T4 DNA ligase (NEB). Bacterial transformation, selection of ampicillin resistant colonies and DNA mini-preparations were performed using standard techniques (19) . DNA sequence analysis (19) was performed on selected samples using Sequenase (US Biochemicals). To confirm that F9 sequences had been rescued, the primer 5'-TGGTTTCGTGTTCACCATGG-3' was used. Alu sequences were determined with the primer 5'-ATAAGCTTGATATCGAATTCCT-3'. These primers are indicated in Figure 1 .
RESULTS
Generation of deletion derivatives of YACs via homologous recombination with an interstitial deletion vector
To obtain a series of clones which had undergone vector-YAC Alu-Alu recombination, we created the interstitial deletion vector pRSN1.6Alu. Upon linearization with Xbal, this vector contains a unique 1.6 kb fragment corresponding to the 3' portion of the F9 gene at one end and a 280 bp Alu element at the other end. The region of the plasmid between these two contains a yeast selectable gene (HIS-3), as well as bacterial (AMP) and mammalian (NEO) selectable genes. The yeast strain into which we introduced this plasmid harbors the YAC HYA32G5 which contains 650 kbp of human DNA, derived from Xq27 and containing the F9 gene. The plasmid pRSN1.6Alu was transformed into the yeast and HIS" 1 " colonies selected. CHEF gel electrophoresis of intact chromosomal DNA (data not shown) was performed to identify those clones that contained deletions in the human DNA within the YAC, as predicted by the mechanism outlined in Figure 1 . We obtained 19 HIS" 1 " clones, nine of which harbored YACs with very small deletions, while the remaining clones had intra-YAC deletions ranging from 40 to 460 kb. Southern blot analysis of Xbal digested DNA from these clones confirmed that all had undergone homologous recombination with the F9 gene fragment on plasmid pRSNl.6Alu (data not shown). For comparison, when similar experiments were performed using a vector containing a Line 1 element in place of the Alu sequence, only -60% of the clones had undergone homologous recombination within the YAC F9 gene.
Rescue of plasmid sequences
While homologous recombination between the vector and YAC F9 sequences could be confirmed by Southern blot hybridization, we were unable to analyze the recombination junction between Alu elements in this way, since the chromosomal Alu targets (with exceptions as outlined below), had not been previously cloned and were thus of unknown structure. We therefore utilized plasmid rescue to recover recombination junctions from HIS yeast clones (Fig. 2) . In short, DNA from several clones was digested with Xbal, which does not cut within the vector. A site for this enzyme is located within the F9 gene downstream of the recombination site and an Xbal site will also be encountered upstream of any Alu element that has participated in the recombination event. Re-ligation of this cut DNA under conditions favoring intramolecular joining will produce plasmid molecules that can be used to transform recombination deficient competent E.coli. (Fig. 2) . Ampicillin resistant colonies obtained from this transformation will contain pRSN1.6Alu and human YAC DNA flanking the Alu element extending to the nearest Xbal site. Southern blot analysis of total yeast genomic DNA digested with Xbal and probed with a fragment of the neomycin phosphotransferase gene, allows us to predict the size of the plasmid to be rescued from each clone. Only plasmids of the expected-size classes were subjected to further analysis, as outlined below.
As further proof that the plasmids were rescued from the recombination site, we performed sequencing reactions using a primer within the F9 gene. This primer is oriented so that the extension product will extend beyond the 3' end of the F9 gene, through the Xbal site and into the distal portion of the rescued sequence associated with the Alu element (Fig. 2) . The sequences obtained in this manner were compared to those deposited in GenBank, and it was determined that two of the clones contained sequences derived from the 5' portion of the F9 gene. This was consistent with the electrophoretic karyotype data, since the YACs harbored by these two clones were essentially of the same size as the unmodified YAC, suggesting small deletions had occurred. The sequences derived from the remaining clones were unrelated to any sequences in GenBank.
Molecular analysis of crossover points
We proceeded to sequence the entire hybrid Alu element present within each of the rescued plasmids, in order to compare them with the sequence of the Alu element originally present in the plasmid vector. We reasoned that the most likely crossover site could be chosen based upon the first point at which the rescued sequence diverged from that in the vector. To determine this point, we aligned the sequence of each of the recombinant Alu elements with that of vector Alu. These data are summarized in Figure 3 . The relatively high level of sequence similarity between BLUR8 and the other Alu elements makes its impossible to determine the exact point of crossover, however, we can localize it within 5-10 bp. As Figure 3 indicates, the point of crossover was frequently found at either the extreme left or right end of the Alu element. This bimodal distribution does not correlate with the -130 bp repeat found in the Alu element (1) and there are no obvious sequence similarities between the regions found at the ends of the vector Alu element. Interestingly, inter-Alu homologous recombination events observed in human somatic and germ cells have been shown to preferentially crossover within the extreme left hand end of the elements (8; see below).
DISCUSSION
The goal of this current study was to gain greater insight into the molecular mechanism of unequal homologous recombination between human repetitive DNA elements. We have chosen this system primarily for the technical ease with which homologous recombinants can be isolated and analyzed in yeast. We also believe that results obtainedinihe yeast-YAC^systeirrarelikely to be qualitatively similar to human recombination. The similar distribution of recombination crossover points in both our system and in human in vivo recombination supports this belief.
Distance from F9 gene and recombination frequency
We previously evaluated the distribution of sites of recombination versus frequency of recovery in a similar yeast recombination system (13) . In that paper, we observed that there was an inverse correlation between the length of distance separating the two recombination sites and the frequency with which a repetitive element was chosen for recombination. We proposed that recombination was initiated at one site (e.g. the F9 gene) and subsequently a linear search from homology initiated for the other element. We were unable, however, to distinguish between this model and one in which the search for an Alu recombination substrate is three dimensional and may involve other less easily measured features such as 'chromatin accessibility'. Our most recent data tend to support the former hypothesis, since once again, we have observed a majority of small deletions, consistent with the linear search model. Since the Alu family is defined by a consensus sequence, it could be argued that some elements with considerably more sequence similarity recombine more frequently than others. Our data do not support this idea, since we see frequent recombination with elements of reduced sequence similarity. The 4 Alu elements located upstream of the targeted portion of the F9 gene are between 74 and 81%, identical to the vector Alu. Two of the four (Alu 1, 74% and Alu 4, 76%) were recovered from our rescue efforts. These results indicate that the recombination targets do not represent Alu elements that contain a particularly high degree of similarity to the BLUR 8 Alu element. Based upon our most recent results, as well as those previously obtained, we propose that following the pairing of one arm of the recombination vector with its chromosomal target, the recombination machinery scans the chromosome in a linear fashion, until it identifies a target with which to pair the other arm of the vector.
Site within the Alu element of crossing over
From our previous studies (13), we knew that not all of the repetitive element was transferred to the YAC during the homologous recombination reaction. However, we were unable to determine the precise site of the crossover, due to the large size of the Line 1 element used in those studies. The use in this study of the Alu element overcomes this difficulty. Sequence analysis of rescued recombinant clones indicates that the most likely mechanism of recombination is a simple cross-over since, in each case, the recovered Alu element is exactly identical to the vector Alu element up to the point where it becomes exactly identical to the F9 Alu.
We initially expected to observe crossing over spread across the entire Alu element and were surprised to find that five out of seven of the cases observed crossed within 30 bp of the termini of the element. Since there is no similarity between the extreme left-hand and right-hand regions of the Alu element, it is unlikely that this distribution is the result of sequence specificity. Instead, we believed that the effect is specific to the ends of the Alu segments. It has been argued that free ends of DNA are recombinogenic, and in S.cerevisiae, the data in support of this statement have been used to construct the double strand gap repair model (21) . This would explain the crossovers at the left end of the Alu, but cannot explain the right-hand recombinants. We think the most likely explanation involves branch migration. In our sequence analysis, we are not seeing the point of initial crossing over, but rather the final endpoint of the migration of the Holliday junction. Since there is no net increase in free energy during branch migration, this process can freely occur during homologous recombination. While small differences exist between the vector and target Alu sequences, the loss of free energy may be tolerated. Due to the design of our vector, branch migration would be halted due to the presence of (entirely) heterologous DNA (the left-hand side) or no DNA (the right-hand side) flanking the Alu element. Previous studies in human beings (22) , E.coli and Xenopus (23) and cultured mouse cells (24) , in which recombination between similar yet not identical DNA sequences was studied, have led others to conclude that while genetic recombination initiates within regions of homology, it may frequently branch migrate to regions of heterology. We propose that a similar mechanism may be at work in our system, also in addition to its intrinsic scientific interest, determining the exact point of crossover is relevant to efforts to use gene targeting in mammals for such future goals as gene therapy and the generation of animal disease models in mice. Techniques have been developed which use two step homologous recombination to create a point mutation, or some other small modification (25) , without permanently introducing vector sequences. Knowledge about where genetic crossing over occurs during homologous recombination has particular significance to this approach, since the design of the vector could be altered in order to position the mutation to be transferred to an optimal location. This sort of information is also important for studies of maintenance of intra-family conservation, evolutionary studies and studies of human mutations caused by inter-chromosomal, ectopic HR.
Comparison of yeast and human inter Alu recombination
It is interesting to note that Alu-Alu intragenic deletions in humans have been shown to occur within a restricted region of the Alu element. Ten out of 13 inter-Alu deletions observed in either the globin or LDL receptor genes occurred in the left-hand end of the element (8) . In these cases, the recombination occurred between the A and B sequences which are thought to function as promoter elements for RNA polymerase III. The authors of that report speculated that the presence of binding sites for transcriptional proteins or, indeed, the presence of transcription at this site may be responsible for stimulating recombination. Since it is unlikely that yeast proteins would bind to the transcriptional signals present on the human YAC DNA, we do not favor this as an explanation for our data. It is however conceivable that a mechanism similar to that we have proposed to explain our data could also apply to the human recombinants, as originally suggested by Metzenberg et al. (22) . Despite the differences between this type of recombination in humans and that described in our paper, it is tempting to argue that they result from mechanistic similarities between the two processes. The recent cloning of human homologues of yeast genes involved in homologous recombination supports the idea that biochemical similarities exist between the recombination machinery of the two species (26, 27) . It may therefore be possible to gain greater insight into mammalian unequal homologous recombination through further studies of this process in yeast clones bearing YACs.
